The Arabidopsis thaliana genome has about 250 copies of LINEs (here called ATLNs). Of these, some, called ATLN-Ls, have an extra sequence of about 2 kb in the region downstream of two consecutive open reading frames, orf1 and orf2. Interestingly, the extra sequences in these ATLN-L members have another open reading frame, designated as orf3. Each member is flanked by direct repeats of a target site sequence, showing that ATLN-L members with the three open reading frames have retrotransposed as a unit. The ATLN-L members are also distinct from other ATLN members: orf1 terminates with TAA (or TAG) and is located in the same frame as orf2, and the ATG initiation codon of orf2 is not present in the proximal region. A sequence that may form a pseudoknot structure in ATLN-L mRNA was present in the proximal region of orf2, therefore the TAA (or TAG) termination codon of orf1 is assumed to be suppressed to produce an Orf1-Orf2 transframe protein during the translation of the ATLN-L mRNA. The region between orf2 and orf3 is several hundred bp long, suggesting that orf3 expression is independent of orf1-orf2. The amino acid sequences of the proteins Orf1 and Orf3 are highly homologous in their N-terminal half regions that have a retroviral zinc-finger motif for RNA binding. Orf3, however, has a leucine-zipper motif in addition to the zinc-finger motif. The C-terminal regions of the Orf1 and Orf3 proteins have poor homology, but seem to have nuclear localization signals, suggesting that these proteins are involved in the transfer of ATLN-L mRNA to nuclei. A phylogenetic tree shows that Orf3 proteins form a branch distinct from the branches of the Orf1 proteins encoded by ATLN-L members. This indicates that an ancestor element of ATLN-Ls has incorporated the orf1 frame carried by another ATLN member into its distal region to orf1-orf2 during evolution.
Introduction
Long interspersed nuclear elements (LINEs) are eukaryotic retrotransposons with a polyadenylic acid [poly(A)] sequence at their 3 ends (for reviews, see refs. 1,2). These are also called non-LTR retrotransposons because they do not have the LTR (long terminal repeat) sequences that are present in the retrotransposons related to retroviruses. LINEs usually duplicate a target sequence of 10-20 bp upon retrotransposition.
LINEs have two open reading frames (ORFs) (called orf1 and orf2) essential for retrotransposition, 2 except for the silkworm LINE R2Bm, which has one ORF encoding a protein active for its retrotransposition. [3] [4] [5] [6] The Orf1 proCommunicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-3-5841-7852, Fax. +81-3-5841-8484, E-mail: eohtsubo@ims.utokyo.ac.jp teins encoded by most LINEs have a zinc-finger motif which has been identified in Gag, an RNA-binding protein encoded by retroviruses and retrotransposons with LTRs. [7] [8] [9] [10] The Orf1 protein (p40) encoded by the human LINE L1, however, has a leucine-zipper motif rather than the zinc-finger motif, and can bind to L1 mRNA by forming a multimer. [11] [12] [13] orf2 has en and rt regions which encode respectively the endonuclease domain (EN) involved in the cleavage of DNA at the target site and the reverse transcriptase domain (RT) involved in the synthesis of the cDNA from mRNA.
14, 15 The region downstream of the rt region has a nucleic acid-binding zinc-finger motif. 16 The 5 untranslated region (5 UTR) upstream of orf1 has an internal promoter, 17, 18 whereas the 3 untranslated region (3 UTR) downstream of orf2 has a poly-adenylation signal, at the site preceding the poly(A) sequence at the 3 end. 1 We have previously shown that LINEs are ubiqui-[Vol. 8, tous elements in the plant kingdom. 19 We have recently identified about 250 copies of LINE homologues (named ATLN) in the Arabidopsis thaliana genome. 10 Of these, some called ATLN-L (ATLN-Long) are exceptions in that they have an extra 2-kb region downstream of orf1-orf2. 10 We here show that the ATLN-L members have unique structural features in the intergenic regions between orf1 and orf2, which suggests the existence of a translational mechanism that produces a protein(s) required for the retrotransposition of the ATLN-L members. This mechanism is distinct from mechanisms such as translational coupling and frameshifting, which produce the protein(s) from orf1 and orf2 encoded by other ATLN members.
10 These ATLN-L members also have a third ORF (here called orf3) that is homologous to orf1 in the extra 2-kb region. Comparison of the amino acid sequences of the Orf1 and Orf3 proteins indicate that orf3 has been derived from the orf1 frame carried by an ATLN member by means of a recombination event and has evolved independently from orf1.
Materials and Methods

Computer analyses
The nucleotide sequence homology search was done with the programs FASTA, BLAST, and MP search against the sequences in the DDBJ/GenBank/EMBL DNA databases. [20] [21] [22] Multiple sequences were aligned using the program CLUSTAL W, version 1.7.
23 A dendrogram of the sequences was constructed using the categories model in program Protdist then the program Neighbor of the software PHYLIP, version 3.572. 24 Primary nucleotide sequences were analyzed with HarrPlot 2.0 and the GENETYX-Mac 10.1 system (Software Development): HarrPlot 2.0, a dot matrix analysis program, was used to quickly identify the sequences as LINE homologues. The GENETYX-Mac 10.1 system was used to characterize the sequences by comparing them with those of other LINE homologues and to measure the AT contents of ATLN-L1. 10 were used as templates. The PCR was done with a 50-µl reaction mixture containing 100 to 200 ng of each total DNA, each 20 nmol of dNTP, 50 pmol of each primer, and 2.5 units of LA Taq DNA polymerase (Takara) in buffer provided by the supplier of the enzyme. Thirty cycles of amplification were done under the following conditions: denaturation for 20 sec at 98
PCR and the cloning and sequencing of PCRamplified fragments
• C, annealing for 30 sec at 55
• C, and DNA synthesis for 7 min at 72
• C. PCR products were separated in a 1.2% agarose -
a Four pairs of primers, PL1F/PL1R-PL4F/PL4R, respectively were used to amplify fragments carrying
gel. Primers used for the PCR are shown in Table 1 . Cloning and sequencing of the PCR-amplified fragments were done as described elsewhere. 
Results
ATLN-L members with
an extra sequence downstream of orf1-orf2 ATLN39, a LINE from A. thaliana ecotype Columbia, is 5668 bp long. It has two consecutive ORFs, orf1 and orf2, of which orf2 is located in the −1 frame with respect to orf1 (Fig. 1A) . 10 Most of the other ATLN members that are as large as ATLN39 have structures similar to that of ATLN39, except for those named ATLN-L. The 4 ATLN-L members (ATLN-L1-ATLN-L4) of the 62 ATLNs previously identified are about 7.5 kb long and have an extra 2-kb sequence downstream of the orf1-orf2 region (Fig. 1B) . 10 These four members are homologous to one another (58-64% nucleotide identity). Mining of the sequences homologous to the rt region of ATLN-L reveals that 14 additional members are present in the complete genome of A. thaliana. Of these, three (ATLN-L5-ATLN-L7) analyzed here were as large as ATLN-L1-ATLN-L4 with significant homology (57-62% nucleotide identity) (Fig. 1B) .
The ATLN-L members were flanked by direct repeats of a sequence 10-17 bp long that is assumed to be the target site sequence duplicated upon their retrotransposition ( investigate this assumption, PCR was done with primers hybridizing to the flanking regions of four members ATLN-L1-ATLN-L4 and with the total DNA from four ecotype strains of A. thaliana (Landsberg, Wassilewskija, Nossen and Enkheim) as templates. Gel electrophoresis analysis of the PCR-amplified fragments showed that some ecotype strains generated large fragments, the same as the fragment of Columbia with an ATLN-L member, Table 1 ). whereas others generated only a small fragment considered not to have an ATLN-L member but to have the target site sequence (Fig. 3) . Nucleotide sequencing showed that the small fragments had no ATLN-L1, ATLN-L3, or ATLN-L4 sequence but had the target site sequence that was identified as direct repeats in the flanking regions of each ATLN-L (Fig. 2) . These findings support the assumption that the ATLN-L element with three ORFs had retrotransposed as a unit and duplicated the target site sequence.
Unique structural features of ATLN-L members
Unlike other ATLN members, the ATLN-Ls have a unique structure in the intergenic regions between orf1 and orf2, in which orf2 with en and rt regions is located in the same frame as orf1 and there is no initiation codon in the most proximal region of orf2 (Fig. 1B) . Interestingly, in the intergenic regions of the ATLN-L members, palindromic sequences that formed several stem-loop structures including a pseudoknot were present ( Fig. 4 ; also see Fig. 1B ). The nucleotide sequences in these regions differed by several substitution mutations. These mutations did not, however, destroy the stem structures (Fig. 4) , showing that the stem-loop structures are functionally important. More interestingly, the extra regions in these ATLN-L members coded for a third ORF, designated as orf3, in the same orientation as orf1 and orf2 (Fig. 1B) . Furthermore, the Orf3 protein in this extra region appeared to have homology to Orf1 (21-26% amino acid sequence identity), as described in detail below.
The intergenic regions between orf2 and orf3 varied in length from 281 to 674 bp (Fig. 1B) , and were rich in AT content (Fig. 1C ). There were stretches of nucleotide T on a strand whose T content was 44-52% in the 300-bp sequences upstream of orf3.
Nucleotide sequences in the untranslated regions up- 
Amino acid sequence analyses of the Orf1 and Orf3 proteins
The amino acid sequences of the Orf1 and Orf3 proteins encoded by the ATLN-L members were aligned. The N-terminal regions of these proteins were highly homologous (see Fig. 6 for those of four representative members ATLN-L1-ATLN-L4). These regions were also homologous to those of Orf1s encoded by other ATLN members, e.g., ATLN8 and ATLN39 (see Fig. 6 ), which belong to different subgroups. 10 The homologous regions had a retroviral zinc-finger motif C(X 2 )C(X 4 )H(X 4 )C and several conserved amino acid residues, including tryptophan and phenylalanine ( Fig. 6; ref. 25) , which have been identified in the Orf1 proteins encoded by other ATLN members. 10 This shows that the zinc-finger motif and conserved amino acid residues are required for both the Orf1 and Orf3 proteins to function. The N-terminal regions of the Orf3 proteins, however, had a leucine-zipper motif L(X 6 )L(X 6 )L(X 6 )L in addition to the zinc-finger motif (Fig. 6) . Although the C-terminal regions of Orf3 and Orf1 were not homologous, the region in the Orf3 proteins seemed to have nuclear localization signals characterized by one or more clusters of basic amino acids, 26, 27 as seen with the Orf1 proteins (Fig. 6 ). All the motifs found in the four members, ATLN-L1-ATLN-L4, are also in the other members, ATLN5-ATLN7 (see Fig. 1B) .
A phylogenetic tree has previously been constructed based on the amino acid sequences of the endonuclease (EN) domains in Orf2, and ATLN members have been grouped in two families (I and II), each having several subfamilies, of which subfamily II-f consisted of ATLN-L members, ATLN-L1-ATLN-L4 ( Fig. 7B; ref. 10) . A phy- logenetic tree was constructed based on the amino acid sequence homology between Orf3 and Orf1 encoded by the four ATLN-L members (Fig. 7A ). This phylogenetic tree correlated well with the one constructed from the amino acid sequences of Orf2 proteins, except that the Orf3 proteins formed a branch distinct from that of the Orf1 proteins (Fig. 7A ).
Discussion
In this paper, we have shown that A. thaliana LINEs, i.e., ATLN elements, include extraordinary members called ATLN-Ls that have an additional ORF, orf3, in the extra 2-kb region downstream of orf1-orf2. LINEs similar to ATLN-Ls may exist in plants other than A. thaliana, but such elements have yet to be identified. We have also shown here that ATLN-L members have a unique intergenic region between orf1 and orf2, in which orf2 is located in the same frame as orf1 but has no initiation codon in the most proximal region. Moloney murine leukemia virus (MuLV) is known to have two coding regions, gag and pol, which are located in the same frame.
28 Although no initiation codon is present in the most proximal region of pol, MuLV produces the Gag-Pol transframe protein by a translational readthrough mechanism, suppressing the termination codon TAG of gag with an efficiency of about 5%. This mechanism is promoted by a pseudoknot structure formed in the mRNA in the region immediately downstream of the TAG codon of gag. [29] [30] [31] As described here, ATLN-L members have a region that forms several stem-loop structures, including a pseudoknot, suggesting that ATLN-L members generate an Orf1-Orf2 transframe protein by a readthrough mechanism similar to that in MuLV. This Orf1-Orf2 transframe protein may be processed to functional Orf1 and Orf2 proteins, as are retrovirus transframe proteins.
32
Otherwise, the transframe protein itself is functional like the protein encoded by a single ORF in the silkworm LINE, R2Bm.
4,5
We have also shown here that the N-terminal regions of the Orf1 proteins have significant homology, whereas the C-terminal regions do not (see Fig. 6 ). The homologous regions have a zinc-finger motif, which is present in the Gag protein that functions in retroviral RNA binding, 7, 8, 25 indicating that Orf1 also binds to ATLN mRNA. The non-homologous C-terminal regions have nuclear localization signal-like sequences, suggesting that Orf1 protein is localized in the nuclei. This may be supported by the fact that the Orf1 protein encoded by Drosophila LINE I is localized in the nuclei, 33 although no nuclear localization signals have been identified. The Orf3 proteins encoded by the ATLN-L members form a branch distinct from that of the Orf1 proteins in the phylogenetic tree of the Orf1 and Orf2 proteins. Both the Orf1 and Orf3 proteins have the same zinc-finger motif in the N-terminal regions, suggesting that the Orf3 proteins are also RNA-binding proteins. It is interesting that the Orf3 proteins have a leucine-zipper motif in addition to the zinc-finger motif in their N-terminal regions (see Fig. 6 ), considering the fact that the Orf1 protein (p40) encoded by human LINE L1 has a leucine-zipper motif but not a zinc-finger motif. The p40 protein has been shown to form a multimer and bind to the L1 mRNA, [11] [12] [13] suggesting that the Orf3 protein encoded by ATLN-L also forms a multimer and binds to ATLN-L mRNA.
The phylogenetic tree constructed based on the amino acid sequences of the Orf1 proteins encoded by all the ATLN members was nearly identical to the tree constructed based on the amino acid sequences of the EN domain of Orf2. This means that both orf1 and orf2 are required for retrotransposition and have co-evolved, and that the ATLN members have diverged without undergoing recombination during evolution. In the Orf1 and Orf3 tree, the Orf3 proteins encoded by ATLN-L members form a branch, which is not close to that formed by the Orf1 proteins encoded by the ATLN-L members (see Fig. 7 ). This shows that orf3 has not co-evolved [Vol. 8, with orf1, and that ATLN-L members have been derived by non-homologous recombination that incorporates the orf1 frame of another ATLN member into the region downstream of orf1-orf2 in an ATLN-L ancestor. The incorporated orf1 frame may have diverged independently during evolution to orf3 encoding the protein with a leucine-zipper motif. As stated, both the Orf1 and Orf3 proteins are considered to be localized in the nuclei. Since these proteins with RNA-binding activity may function in the transfer of ATLN mRNA to the nuclei. ATLN-L members with an extra 2-kb region may need two kinds of proteins to transfer their RNAs and efficiently localize them in the nuclei.
ATLN-L members have orf3 in the region downstream of orf1-orf2. This reminds us that retroviruses have env, a gene encoding an envelope protein wrapping the viral RNA, in the region downstream of the gag-pol region. The env gene is expressed from an mRNA derived by the splicing of intact mRNA. 32 The orf3 frame of ATLN-L also may be expressed from an mRNA spliced as is the env gene of retroviruses. If so, the AT-rich sequence between orf2 and orf3 may be involved in that splicing.
The 5 UTR regions of the ATLN-L members vary in length. The sequences of the regions are significantly homologous, except for those of the most proximal region with variable lengths (see Fig. 5 ), as are those of the 5 UTRs of other ATLN members. 10 The acquisition mechanism of the non-homologous regions has been discussed elsewhere. 10 The homologous regions in the 5 UTRs of the ATLN-L members (see Fig. 5 ) are assumed to have an internal promoter because human and Drosophila LINEs have an internal promoter in their 5 UTRs. 17, 18 No sequences similar to the promoter sequences 5 -AAGATGGCC-3 in human LINE L1 and 5 -CA(G/T)T(26 nt)AGACGTGPyPy-3 in Drosophila LINE I 17, 18 have been found in the 5 UTRs of the ATLN-L members. Transcription from the promoter is thought to be negatively regulated by DNA methylation of the promoter region. 34, 35 An ATLN-L member, ATLN-L1, is transcribed very efficiently in cells treated with a DNA methylation inhibitor (unpublished results), which suggests that the transcription of ATLN-L elements is also negatively regulated by DNA methylation. Many putative methylation sites are present in the 5 UTR regions (see Fig. 5 ), supporting the above assumption that the homologous regions in the 5 UTRs of the ATLN-L members have an internal promoter.
